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Abstract

In epidemiological and twin populations, prior interview studies have identified an externalizing
spectrum of disorders. Could this be detected utilizing objective registry data? In 20,603 twin pairs
from the Swedish Twin Registry, we obtained information from national medical, criminal and
pharmacy records on drug abuse (DA), criminal behavior (CB) and alcohol use disorders (AUD).
Multivariate twin modeling was performed with the OpenMx package. A common pathway model
with quantitative but not qualitative sex effects fit best with twin resemblance for the latent
liability to externalizing syndromes due to both genetic and shared environmental factors.
Heritability of the liability was higher in females (76 vs. 62 %) while shared environmental
influences were considerably stronger in males (23 vs. 3 %). In both sexes, this latent liability was
most strongly indexed by DA and least by CB. All three syndromes had specific genetic
influences (especially CB and AUD in males, and CB in females) and specific shared
environmental effects (especially DA and CB in males, and AUD in females). For DA, CB and
AUD in men, and DA and AUD in women, at least 75 % of the genetic risk arose through the
common factor. The best fit model assumed that genetic and environmental influences on these
externalizing syndromes in males and females were the same. We identified, in registry data, a
highly heritable externalizing spectrum. DA, CB and AUD share substantial genetic and modest to
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moderate shared environmental influences. The nature of the externalizing spectrum differed
meaningfully between the sexes.

Keywords

Drug abuse; Crime; Alcohol use disorders; Externalizing disorders; Twins

Introduction

Methods

Sample

In population-based samples, externalizing disorders assessed at personal interview—maost
typically conduct, antisocial personality, and drug and alcohol use disorders—have high
rates of comorbidity and form, in multivariate analyses, a discrete psychopathologic
dimension (Krueger et al. 1998, 1999, 2001). Twin studies from Virginia (Kendler et al.
2003), Minnesota (Hicks et al. 2004) and Norway (Kendler et al. 2011) have all suggested
that these disorders share a common genetic liability that is largely responsible for their
tendency to cluster together in human populations.

These studies have all utilized interview-based assessment that depend for their validity on
subject cooperation, and accurate recall and reporting of behavior that is typically socially
sanctioned and sometimes illegal. Prior surveys have suggested that externalizing behaviors
are associated both with lowered rates of cooperation and greater attrition in longitudinal
studies (Cox et al. 1977; Eaton et al. 1992; Heath et al. 1998; Karp et al. 1993; Robins
1966).

In this report, we explore, in a Swedish national twin sample, the degree to which three
classic externalizing syndromes—drug abuse (DA), alcohol use disorders (AUD) and
criminal behavior (CB)—share genetic and environmental risk factors. These disorders are
assessed using medical, criminal and pharmacy registries available on all members of the
population so that subject cooperation and accurate recall are not required.

Females have substantially lower rates of all externalizing psychopathology compared to
males (Compton et al. 2007; Hasin et al. 2007; Kessler et al. 1994). Because of our large
sample size, we have an opportunity to explore sex effects in genetic influences of
externalizing disorders in more detail than has been possible in prior genetically informative
studies (Hicks et al. 2004; Kendler et al. 2003, 2011).

We linked nationwide Swedish registers via the unique 10-digit identification number
assigned at birth or immigration to all Swedish residents. The identification number was
replaced by a serial number to ensure anonymity. From the Swedish Twin Registry, we
selected all twin pairs with birth years from 1958 to 1991 with known zygosity (n = 20,603).
Over these years, the registry contained both same- and opposite-sex twin pairs.
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Zygosity was, of course, known a priori in the opposite sex-pairs. As detailed elsewhere
(Lichtenstein et al. 2002), zygosity in the same-sex pairs registry was assigned using
standard self-report items obtained from mailed questionnaires which, when validated
against biological markers, were 95-99 % accurate. As seen in Table 1, the prevalence of
DA, CB and AUD are slightly lower in both males and females in monozygotic (MZ) and
same sex dizygotic (DZ) pairs versus opposite sex twin pairs. This is almost surely because
the former but not the latter were screened for level of cooperation. That is at least one
member of the pair had to return a questionnaire to the twin registry to be able to assign a
zygosity, and cooperation was lower in subjects with DA, CB and AUD.

Information was matched to the individual twins from our data base using their unique serial
number. The following sources were used to create our database: the Total Population
Register, containing data on birth year and gender; the Multi-Generation Register, providing
information on family relations; the Swedish Hospital Discharge Register, containing all
hospitalizations for all Swedish inhabitants from 1964 to 2010; the Swedish Prescribed Drug
Register, containing all prescriptions in Sweden picked up by patients from 2005 to 2009;
the Outpatient Care Register, containing information from all outpatient clinics from 2001 to
2010; the Primary Health Care Register, containing outpatient primary care data on
diagnoses and time for diagnoses 2001-2007 for 1 million patients from Stockholm and
middle Sweden; the Swedish Crime Register that included national complete data on all
convictions in lower court from 1973 to 2011; the Swedish Suspicion Register that included
national complete data on all individuals strongly suspected of crime from 1998 to 2011, the
Swedish Mortality Register, containing causes of death.

To ascertain DA, we utilized information about medical treatment for DA, criminal behavior
directly related to DA and prescription DA as detected from pharmacy records. Specifically,
DA was identified in the Swedish medical registries by ICD codes [ICD8: Drug dependence
(304); 1ICD9: Drug psychoses (292) and Drug dependence (304); ICD10: Mental and
behavioral disorders due to psychoactive substance use (F10-F19), except those due to
alcohol (F10) or tobacco (F17)]; in the Suspicion Register by codes 3070, 5010, 5011, and
5012, which reflect crimes related to DA, and in the Crime Register by references to laws
covering narcotics (law 1968:64, paragraph 1, point 6) and drug-related driving offences
(law 1951:649, paragraph 4, subsection 2 and paragraph 4A, subsection 2). DA was
identified in individuals (excluding those suffering from cancer) in the Prescribed Drug
Register who had retrieved (in average) more than four defined daily doses a day for 12
months from either of Hypnotics and Sedatives (Anatomical Therapeutic Chemical (ATC)
Classification System NO5C and NO5BA) or Opioids (ATC: NO2A).

Criminal behavior (CB) was defined from the Swedish Crime Register based on the
following convictions, law and chapter in parentheses: (aggravated) assault (3:5, 3:6); illegal
threat (4:5); threats and violence against an officer (17:1, 17:2); intimidation (4:7); (Gross)
violation of a person’s/woman’s integrity (4:4a); kidnapping (4:1); illegal confinement or
restraint (4:2); (aggravated) robbery (8:5, 8:6); illegal coercion (4:4); (aggravated) Arson
(13:1, 13:2); murder, manslaughter or filicide (3:1, 3:2, 3:3); sexual crimes (excluding
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prostitution and the buying of sexual services but including child pornography) (6:1-6:10,
6:12, 16:10A); theft of a vehicle (8:1-2, 8:4, 8:7-8); theft (including burglary) (8:1-2, 8:4);
vandalism (12:1-4); vandalism causing danger to the public, sabotage, hijacking (13:3-10
(5a-b)); unlawful entering of a person’s home, trespassing (4:6); fraud (9:1-10);
embezzlement (10:1-8 (5a-¢)); dishonesty/crime towards a creditor (includes forged book-
keeping in companies) (11:1-5); and forgery (14:1-10); and thereby excluding convictions
for minor crimes like traffic infractions.

To ascertain Alcohol use disorder (AUD), we utilized information about medical treatment
for AUD, medical disorder directly attributable to AUD, criminal behavior directly related
to AUD, and pharmacologic treatment for AUD as detected from pharmacy records. More
specifically, AUD was defined by ICD codes for main and secondary diagnoses from
Swedish medical registries for the following diagnoses: ICD9: alcohol-related psychiatric
disorders (291), alcohol dependence (303), alcohol abuse (305A), alcohol-related
polyneuropathy (357F), alcohol-related cardiomyopathy (425F), alcohol-related gastritis
(535D), alcohalic fatty liver, alcohol hepatitis, alcoholic cirrhosis, unspecified liver damage
caused by alcohol (571A-D), toxic effects of alcohol (980), alcoholism (V79B); ICD10:
alcohol related psychiatric and behavioral disorders (F10, excluding acute alcohol
intoxication: F10.0), rehabilitation of a person with alcohol abuse (Z50.2), guidance and
medical advice to a person with alcohol abuse (Z71.4), alcohol-related pseudo-Cushing
syndrome (E24.4), alcohol-related degeneration of the nervous system and brain (G31.2),
alcohol-related polyneuropathy (G62.1), alcohol-related myopathy (G72.1), alcohol-related
cardiomyopathy (142.6), alcohol-related gastritis (K29.2), liver diseases caused by alcohol
(K70.0-K70.9), acute pancreatitis caused by alcohol (K85.2), chronic pancreatitis caused by
alcohol (K86.0), treatment of pregnant alcoholic woman (035.4), toxic effects of alcohol
(T51.0-T51.9); and based on Anatomical Therapeutic Chemical (ATC) codes in the
Prescribed Drug Register: disulfiram (NO7BB01), acamprosate (NO7BB03), or naltrexone
(NO7BBO04). Additionally, we identified individuals with at least two convictions of drunk
driving (law 1951:649) or drunk in charge of maritime vessel (law 1994:1009) in the Crime
register. We used the Cause of Death Register to obtain data on alcohol-associated death and
used the same codes as above.

Statistical methods

We utilized a classical twin model assuming three sources of liability: additive genetic (A),
shared environment (C), and unique environment (E). The model assumes that MZ twins
share all their genes while DZ twins share on average half of their genes identical by
descent, and that the shared environment, reflecting family and community experiences, is
the same within each twin pair. Unique environment includes random developmental effects,
environmental experiences not shared by siblings, and random error. We examine the
relative fits of two trivariate models applied to the three externalizing syndromes of DA, CB
and AUDs: an independent pathway and a common pathway model. In both of these models,
each of the three variance components (A, C and E) are decomposed into two parts: one that
is common to all three phenotypes (denoted A, C., and E.) and one that is specific to each
one of them (As, Cg, and Eg). In the independent pathway model, the paths from A, C,, and
E. go directly to the observed phenotypes. In the common pathway model, the paths from
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A, C;, and E to the phenotypes are mediated through a latent liability to externalizing
disorders. The simpler common pathway model is nested within the independent pathway
model.

Although our sample size of twins is considerable, the models include relatively rare
phenotypes (i.e., DA and AUD in females) and therefore have limited statistical power. As
the objective is to quantify the magnitude of the variation in the population coming from
various sources, we chose to present the full model with A, C and E components rather than
try to obtain the best fitting submodel (i.e. an AE model only). This is in line with
recommendations based on simulations which show that in such situations, parameter
estimates from the full model are typically more accurate than those from submodels even if
the latter provide a better model fit (Sullivan and Eaves 2002). We present the log likelihood
and AIC values to facilitate comparisons between models. Models were fit in the OpenMx
software (Boker et al. 2011).

Although we have limited power, because of its substantial theoretical interest, we explore
qualitative sex effects in our models—that is are the same genetic and environmental factors
influencing risk of CB in both sexes? Qualitative sex effects are captured by the parameters
rg and re that reflect, respectively, the degree to which the genetic or shared environmental
risk factors are correlated in the two sexes. In our models, we examine separate estimates for
rgin Acand Agand r¢ in Cc and Cg, termed, respectively: ra, ras, fee, and res. (Note that three
values of ry and reg have to be estimated, one for each phenotype.) We also examine
quantitative sex effects—that is whether the genetic and environmental parameter estimates
in the model can be constrained to equality or significantly differ between the sexes.

Descriptive findings

The number of the available twin pairs and the prevalence rates for DA, CB and AUD by
sex and zygosity group are seen in Table 1. CB was the most common of the syndromes,
followed by AUD and then DA. Prevalence rates were higher for all three syndromes in
males than in females and in opposite sex versus same-sex pairs.

Twin correlations in the five sex-zygosity groups are seen in Tables 2, 3 and 4. In the same-
sex pairs, the twin correlations for DA, CB and AUD were substantially higher in MZ than
in DZ twins and modestly higher in same-sex than in opposite sex DZ pairs. In all twin
pairs, the within-syndrome cross-twin correlations were moderately higher than the cross-
syndrome cross-twin correlations. For example, in MZ females the correlations for DA, CB
and AUD ranged from +.64 to +0.71 with a mean of +0.68. The cross-disorder cross twin
correlations ranged from +0.38 to +0.59, with a mean of +0.47.

Model-fitting

We began our model fitting demonstrating that the fit of a full common pathway model
(which permitted different parameter estimates across the sexes) as indicated by the AIC
value (-2LogL =42,781.93, df = 123,584, AIC = —204386.1) was better than a full
independent pathway model (-2logL = 42,771.54, df = 123,576, AIC = -204380.5). Then,
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we found that this common pathway model fitted considerably better than a similar model
that constrained to equality all parameter estimates in males and females (-2logL =
42842.83, df = 123,595, AIC = —204347.2). Therefore, in our subsequent analyses, we
focused on common-pathway models with quantitative sex effects and turned to examining
the presence and/or nature of qualitative sex effects.

Our model had four major genetic or shared environmental correlations between the sexes
that could be estimated (ryc, ras, e, @nd res) Where correlations related to the specific
syndromes (ras and rgg) could be the same or differ between DA, CB and AUD. However, a
model with separate estimates of all correlations was not identified and therefore, of the very
large number of possible of models, we chose on a priori grounds to examine four. As seen
in Table 5, our first and simplest common pathway model constrained to unity all four
relevant sex correlations: rac =rys = rec = s = 1. The second model gave us optimal power to
distinguish the genetic and environmental correlations for the externalizing disorders in
males and females. We set all the genetic correlations to equality and allowed them to differ
from all the shared environmental correlations that were also constrained to equality. The
genetic correlations were estimated at +0.78 and the shared environmental correlations at
+0.80. However, this model did not fit quite as well as the first model. Our third model
constrained to equality the common factor genetic and environmental sex correlations (ry. =
rec), and the specific genetic and environmental sex correlations (ryg = res). The two common
and syndrome-specific factor correlations were estimated at +0.79 and +0.80, respectively.
But again this model fit modestly worse than model 1. Our fourth model constrained the
common factor genetic and environmental correlations to unity (rac = rec = 1), and
constrained the specific genetic and environmental correlations to equality separately for
DA, CB and AUD. The model estimated the between sex genetic and environmental
correlations for DA and AUD to be high (+.92 and +0.98, respectively) but the estimated
correlation for CB was lower (+0.37). However, this model also fitted worse than model 1.

Parameter estimates

We present path estimates and 95 % Cls for the best-fitting model 1 in Fig. 1a (males) and
Fig. 1b (females), variance components with 95 % Cls in Table 6, and the decomposed
genetic and environmental influences on the three disorders in both males and females in
Table 7. Six results are noteworthy. First, the latent construct of externalizing disorders was
highly heritable in males (a = 0.62) and especially in females (a2 = 0.76). Second, shared
environmental influences on the latent trait of externalizing disorders was considerably
stronger in males (c2 = 0.23) than in females (c2 = 0.03). Third, in both sexes, loadings on
the externalizing disorder common factor were strongest for DA and weakest for CB. This
difference was substantially greater in females than males. Fourth, for all three externalizing
syndromes in males, and DA and AUD in females, the large majority (75-92 %) of genetic
risk factors were shared with the other externalizing disorders (Table 7). The exception was
CB in females where over half of the total heritability derived from syndrome-specific
genetic risk factors. Fifth, the pattern was quite different for shared environmental risk
factors. For DA and CB in males, roughly half of the shared environmental influences were
shared with the latent construct of externalizing disorders and half were specific to these
syndromes. However, for AUD in males, and DA and CB in females, nearly all of the shared
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environmental influences were shared with other externalizing disorders. Finally, for AUD
in females, nearly 90 % of the shared environmental effects were unique to that syndrome.
Finally, a higher proportion of the unique environmental effects for DA in both males and
females were shared in common with the other disorders than was seen for CB and AUD.

Discussion

The goal of this report was to clarify the inter-relationship of the genetic and environmental
influences on externalizing disorders in a national Swedish population where cases were
ascertained via medical, legal and pharmacy registries. We would emphasize six major
findings which we review in turn.

First, consistent with prior studies based on personal interviews (Hicks et al. 2004; Kendler
et al. 2003, 2011), we found substantial sharing of both genetic and environmental risk
factors across the three externalizing syndromes of DA, CB and AUD. Because the
syndromes in our sample were ascertained from registries, our results rule out the possibility
that prior evidence for an externalizing spectrum is an artifact of measurement due, for
example, to rater or reporter bias.

A common pathway model fitted better than an independent pathway model providing
strong theoretical support for a latent dimension of liability to externalizing disorders. We
are aware of only one prior test of whether externalizing disorders were best explained by a
common pathway model. Consistently with our results, Hicks et al. found that the parent—
offspring transmission for externalizing disorders were all mediated through a latent
common pathway (Hicks et al. 2004). While our estimates of the heritability of the latent
liability to ED were substantial (62 % in males and 76 % in females), they were lower than
that reported in both sexes (80 %) in the Hicks et al. study that utilized adolescent twins and
their parents (Hicks et al. 2004).

Second, contrary to prior studies of this question (Hicks et al. 2004; Kendler et al. 2003,
2011), we found shared environmental influences on the externalizing disorders.
Furthermore, these effects were considerably stronger in males than in females. We would
hypothesize that this results from a greater impact of peer influences on externalizing
behaviors in males than females. This hypothesis is consistent with several lines of evidence.
We previously showed that cohabitation effects in childhood and adolescence are stronger
on risk for DA in males than in females (Kendler et al. 2013). In comparison to females,
males are more motivated to use psychoactive substances to conform to subgroup values,
more influenced by peers in their intake of drugs and later delinquency is better predicted by
deviant peer groups (Borsari and Carey 2001; Graziano et al. 2012; Piquero et al. 2005). In a
particularly relevant Swedish survey of high-school students, Svensson (Svensson 2003)
found males to have consistently higher levels of exposure to deviant peers than females and
found that this arose because parents of girls monitored their offspring’s social network
more closely than did parents of boys. He also found that the probability of substance use
was more strongly predicted by exposure to peer deviance in males than in females
(Svensson 2003). Both more frequent exposure to peer deviance and a greater impact of that
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exposure on externalizing behaviors in males versus females would likely translate into
stronger peer influences in young Swedish men than Swedish women.

Third, we found substantial quantitative differences in the genetic and environmental
parameter estimates of our externalizing spectrum in males and females. Of three prior
broadly comparable studies, one (Kendler et al. 2011) did not explore quantitative sex
effects while one study (Kendler and Myers 2013) found and the other did not find (Hicks et
al. 2004) evidence for such an effect. Our large sample probably gave us substantial power
to detect some interesting differences in the structure of the externalizing syndrome in males
and females.

Fourth, in both males and females, DA was the strongest index of liability to externalizing
disorders and CB was the weakest. This difference was considerably more pronounced in
females than in males. These results were partially confirmed by a prior study based on
personal interviews in the Virginia Adult Twin Study of Psychiatric and Substance Use
Disorders, which found that the genetic risk to externalizing disorders was best indexed in
males by (in order) antisocial personality disorder (ASPD), DA, AUD, and conduct disorder
(CD) and in females by DA, AUD, nicotine dependence, and ASPD (Kendler and Myers
2013). However, our results are inconsistent with those found by Hicks et al. in their
interview-based study where the common factor for externalizing disorders loaded most
strongly on, in order, ASPD, AUD and DA (Hicks et al. 2004).

Fifth, the three externalizing syndromes shared genetic risk factors more strongly than
shared environmental risk factors. For DA, CD and AUD in men, and DA and AUD in
women, at least 75 % of the genetic risk came from the common factor. Only CB in women
stood out from this pattern with more than 50 % of the genetic risk unique to that syndrome.
By contrast, only for AUD in men, and DA and CB in women did a large majority of the
shared environmental effects originate with the common factor. For DA and CB in males,
and AUD in females a majority of the shared environmental influences were syndrome
specific. These results suggest that the tendency for an individual with a high genetic
liability to externalizing disorders to develop DA versus CD or AUD might be substantially
influenced by shared environmental exposures. These results have implications for
molecular genetic studies and would predict that many of the risk alleles found for
individual externalizing disorders would be shared with a range of similar syndromes.

Sixth, prior twin studies of externalizing disorders did not test for qualitative sex effects—
that is the degree to which the genetic and shared environmental influences on these
syndromes were the same in men and women. We examined this question and were
surprised to find that the best fit model constrained these correlations to equality both for the
externalizing common factor and for the syndrome specific influences. Consistent with the
one relevant power analysis (Prescott and Gottesman 1993), further analyses suggested, that
despite our large sample size, we actually had rather limited power to discriminate different
models. Other models that fit slightly less well suggested that the correlation between sexes
might be slightly less than unity but to be high and similar for genetic and for shared
environmental influences. They also suggested that the sharing of genetic influences might
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be modestly lower for CB than for DA or AUD. But we should regard these findings as only
suggestive and worthy of follow-up.

Limitations

These results should be interpreted in the context of three potential methodological
limitations. First, while ascertaining cases of DA, CB and AUD from registry data has
important advantage, especially independence from subject cooperation and accurate recall
and reporting, it also has significant limitations. In Sweden as in most other countries, a
majority of most crimes are not officially reported or do not result in a conviction so we are
sampling from the more severe end of the spectrum of criminal activities (Swedish National
Council for Crime Prevention 2008). For DA and AUD, there are surely false negatives for
individuals who abuse substances but avoid medical or police attention. The validity of our
detection of these syndromes is supported by evidence for strong co-registration across our
registries. The mean OR for case detection of DA across our 5 relevant registries was 52
(Kendler et al. 2012) and for AUD across 4 registries was 33 (Kendler et al. 2014).

Second, we were not able to simultaneously estimate all the possible genetic correlations
within our model. This could result in a bias in our parameter estimates, if qualitative effects
were present. Such a bias would likely effect parameter estimates more seriously in females
as they are less precisely known than in males due to the sex-related prevalence differences
in externalizing syndromes. We were able to explore in a limited and tentative fashion the
large parameter space and gain some insight into the possible presence of qualitative sex
effects.

Third, we were only able to include same-sex twins whose zygosity was known as a result of
at least one member responding to a mailed questionnaire but this does not apply to
opposite-sex pairs. As expected, individuals with externalizing syndromes had a reduced
probability of returning questionnaires so the rate of DA, CB and AUD were lower in both
males and females from same-sex than from opposite sex pairs. This is a form of
“concordance-dependent” ascertainment where the probability of known zygosity will be
lowest in pairs concordant for an externalizing syndrome, intermediate in those discordant
and highest in those where neither twin has an externalizing syndrome. Simulations suggest
that with the moderate level of differential ascertainment expected in our data given the
observed prevalence differences, biases in parameter estimates are likely to be modest and
result in slight under-estimations of a2 and ¢2 and overestimation of e2 (Kendler and Eaves
1989).
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(@) @ @ Males

0.79 0.48 0.39
0.70,0.86 0.07,0.63 0.37,0.41

N

Externalizing
Disorders

0.83 0.72 0.79
0.81,0.83 0.72,0.73 0.76, 0.82

e , N

Drug Abuse Criminal Alcohol Use
d Behavior Disorders
F 1 1 R A P S S
0.25 0.41 0.29 0.33 0.42 0.35 0.04 0.50

0.00,0.52 0.00,0.50 0.27,0.36 0.00,0.34 0.42,0.42 041 049 0.32,0.45 0.00,0.80 0.45,0.54

PO ®OO OO
(b) @ @ Females

0.87 0.18 0.45
0.40,0.88 0.00,0.81 0.39,0.47

Nt/

Externalizing
Disorders

0.91 0.61 0.79
0.91,0.92 0.59, 0.62 0.76, 0.82

~ . N

Drug Abuse Criminal Alcohol Use
d Behavior Disorders
F 1 1 I 7
0.23 0.00 0.34 0.59 0.00 0.53 0.25 0.40 0.42

0.19,0.31 0.00,0.00 0.17,0.45 0.57,0.65 0.00,0.00 0.52,0.59 0.00,0.54 0.00,0.44 0.31,0.46

 ®00® 066 ©OE

a Parameter estimates and 95 % confidence intervals for males from best fit common
pathway model 1 (Table 5). The model contains additive genetic (A), shared environmental
(C) and individual-specific (E) paths to the latent common externalizing disorder factor
(subscript “c”) as well as A, C and E paths specific to the three externalizing syndromes
(subscript “s™). Paths are standardized partial regression coefficients. b Parameter estimates
and 95 % confidence intervals for females from best fit common pathway model 1 (Table 5).
The model contains additive genetic (A), shared environmental (C) and individual-specific
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(E) paths to the latent common Externalizing Disorder factor (subscript “c”) as well as A, C
and E paths specific to the three externalizing syndromes (subscript “s”). Paths are
standardized partial regression coefficients.
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